Objectives: To evaluate the potential of orally administered poly-lactide-co-glycolide (PLG, a synthetic polymer) nanoparticle encapsulated antituberculosis drugs (ATDs) (rifampicin + isoniazid + pyrazinamide + ethambutol) for cerebral drug delivery in a murine model.
Introduction
Cerebral tuberculosis (TB) can present in several different ways including tubercular meningitis, tubercular encephalopathy, encephalitis, arteritis, abscess etc. 1 It is the most serious extrapulmonary complication associated with TB. 2 The condition is often fatal, especially in children despite the availability of potent antituberculosis drugs (ATDs). 3 Furthermore, neurological sequelae are fairly common and add to the complexity of the disease. 3 The ATDs employed for the treatment of cerebral TB are the same as those required against pulmonary TB, i.e. rifampicin, isoniazid and pyrazinamide. Ethambutol and streptomycin are also useful adjuncts in the initial phase of treatment. 4, 5 However, the ATDs need to be administered on a regular basis for a prolonged time period. Hence, the development of a drug carrier that can efficiently deliver its encapsulated contents (ATDs) to the brain would be welcomed as a therapeutic strategy. Nanoparticlebased systems for brain drug delivery are being developed. 6, 7 However, to date, no ATD delivery system has been evaluated against cerebral TB. We recently demonstrated the chemotherapeutic potential of poly-lactide-co-glycolide (PLG, a synthetic, biodegradable/biocompatible polymer approved by US FDA for human use) 8 nanoparticles encapsulating three 9, 10 or four 11 frontline ATDs (rifampicin + isoniazid + pyrazinamide + ethambutol). The formulation clearly showed the ability to release the encapsulated drugs over a prolonged time period in plasma, lungs and spleen of mice/guinea pigs and thereby to replace daily conventional chemotherapy with fewer doses of the formulation in experimental TB (assessed in the lungs and spleen). Our findings encouraged us to evaluate the potential of oral PLG-nanoparticle encapsulated ATDs for drug delivery to the brain in a mouse model, and the results are presented in this article.
Materials and methods

Chemicals and drugs
Rifampicin, isoniazid, pyrazinamide, ethambutol and polyvinyl alcohol (PVA; M r 13 000-19 000, 85% hydrolysed) were obtained from 
Preparation of ATD-loaded PLG-nanoparticles
ATD-loaded PLG-nanoparticles were prepared by the multiple emulsion and solvent evaporation technique as described previously. [9] [10] [11] Briefly, 10 mg of isoniazid and 10 mg of pyrazinamide were dissolved in distilled water, which was then added to dichloromethane (DCM) containing 10 mg of rifampicin and 30 mg of PLG [total drug/polymer 1:1 (w/w); water/DCM 1:10 (v/v)]. The mixture was sonicated for 1 min to form the primary emulsion, which was poured into 1% (w/v) aqueous PVA and re-sonicated for 3 min. The secondary emulsion formed was stirred overnight for the removal of DCM and centrifuged (8000-10 000 rpm for 15 min) to harvest the nanoparticles, which were washed with distilled water and vacuum dried. Nanoparticles of ethambutol were prepared as a distinct formulation, by dissolving the drug in the initial aqueous phase.
11
Characterization of ATD-loaded PLG-nanoparticles
The particle size ranged from 186 to 290 nm (Zetasizer, Malvern Instruments, Malvern, UK), as reported previously. [9] [10] [11] The dried formulations were put in 5 mL of 5% (w/v) SDS in 0.1 M NaOH (the formulation lysis reagent) for 30 min at 50 C to release the encapsulated drugs. The percentage drug encapsulation efficiency was determined by the formula 11 [amount of drug (mg) released from the nanoparticles/amount of drug (mg) initially taken to prepare the nanoparticles] · 100. The drugs were analysed using an HPLC system comprising a dual-piston reciprocating pump, an online degasser, a UV-visual dual wavelength detector (each of Series 200) and a 600 Series Link Interface for data acquisition/processing, all from Perkin Elmer Instruments LLC (Shelton, CT, USA). In the case of rifampicin/isoniazid/pyrazinamide, the three drugs were separated and quantified by employing a USP gradient program 11 with sodium phosphate buffer (pH 6.8)/acetonitrile as the mobile phase (at 1.5 mL/min), 238 nm as the detection wavelength and a reversed phase C18 column (Cosmosil 5C18-MS-II from Waters; 250 · 4.6 mm; 5 mm particle size). Ethambutol was analysed by employing a USP isocratic program 11 with triethylamine buffer (pH 7.0)/ acetonitrile as the mobile phase (at 1 mL/min), 200 nm as the detection wavelength and a cyan column (Zorbax CN from Agilent; 150 · 4.6 mm; 5 mm particle size). The sensitivity of the methods was as follows: rifampicin, 0.4 mg/L; isoniazid, 0.2 mg/L; pyrazinamide, 1.0 mg/L; and ethambutol, 0.5 mg/L.
Preparation of drug doses for in vivo studies
The drug doses used throughout the study were rifampicin 10 mg/kg, isoniazid 25 mg/kg, pyrazinamide 150 mg/kg and ethambutol 100 mg/kg body weight. 12, 13 These doses are reported to result in pharmacodynamic correlates that are similar to those observed in humans. 12 The dose being different for each drug, the initial amount of drug taken to prepare the formulations was calculated by the formula (amount of drug required per animal/mean drug encapsulation efficiency) · 100, as described previously. 11 Once the total amount of drugs required was known, an equivalent amount of PLG was used in the preparation process. For a 20 g mouse, 6 .80 mg of the PLG-nanoparticle formulation encapsulating three drugs (containing 0.20 mg rifampicin + 0.50 mg isoniazid + 3.00 mg pyrazinamide) and 2.70 mg of the PLG-ethambutol formulation (containing 2.00 mg ethambutol) comprised a therapeutic dose combination, which was suspended in 100 mL of distilled water just before oral dosing in each experiment. Free drugs were freshly dissolved in distilled water/methanol (5:1, v/v) immediately before dosing.
In vivo drug disposition studies
Mice were administered either a single oral dose of free ATDs or PLG-nanoparticle encapsulated ATDs (four-drug combination in each case with n = 15 per group). The animals were bled (four mice per time point) at 1 h, 2 h, 3 h, 4 h, 6 h, 12 h and day 1-11. The plasma obtained from each mouse was divided into two parts. The first part (100 mL) was deproteinized with 100 mL of acetonitrile, vortexed for 5 min and centrifuged at 7338 rpm for 20 min at 4-8 C. The supernatant was used for the analysis of rifampicin and ethambutol. The second portion of plasma (50 mL) was deproteinized with 50 mL of 10% (v/v) trichloroacetic acid, processed as above, and analysed simultaneously for isoniazid and pyrazinamide. The drugs were analysed using validated HPLC techniques 11 and compared with calibration graphs (obtained by analysing pooled blank mouse plasma spiked with known drug amounts) to obtain the plasma drug concentration versus time profile. The area under the concentration over time curve (AUC 0-1 ) was determined by the data analysis tool on SigmaPlot software (version 8.0). The ratio AUMC/ AUC [area under moment curve (AUMC)/area under curve (AUC)] yielded the mean residence time (MRT). The AUC was further used to compute the relative bioavailability of ATDs: (AUC 0-1 of oral encapsulated drugs/AUC 0-1 of oral free drugs) · (dose of oral free drugs/dose of oral encapsulated drugs). In addition, the pharmacodynamic parameters such as C max /MIC (peak plasma concentration/ minimum inhibitory concentration) and AUC/MIC ratios were also determined. The pharmacokinetic/pharmacodynamic data were analysed using Student's unpaired t-test.
The animals were sacrificed (three mice per time point) at day 1 and 2 in the case of free drugs and on day 3, 6, 9 and 10 in the case of PLG-encapsulated drugs. Each mouse was laid on its ventral aspect on the dissection tray. The skin over the head was removed in order to completely expose the skull surface. A midline incision was made over the skull with a sharp knife and the bony flaps were retracted on either side by blunt forceps. The entire brain was dissected out, weighed, homogenized in 3 mL of isotonic saline and divided into two equal parts. In the first part, the drug levels were determined by following the same analytical procedure as described for plasma. To the second part, formulation lysis reagent was added (1:1, v/v) and the mixture was incubated for 2 h at 37 C followed by centrifugation at 7338 rpm for 10 min. The supernatant was processed for protein precipitation and drug analysis as described above. The addition of formulation lysis reagent was expected to release the encapsulated drugs from the intact nanoparticles (if present in the sample). For each drug, the values obtained by analysing the two parts were compared using Student's unpaired 't-test'. The entire drug disposition study was repeated to confirm the reproducibility of results.
Experimental infection and chemotherapy
Mice were infected via the lateral tail vein with 1.5 · 10 7 bacilli of M. tuberculosis H 37 Rv. A similar inoculum was used in other reports and is known to provide bacillary loads similar to those found in human TB cases.
14 Fifteen days later, 15 mice were sacrificed, and the brain from each was removed aseptically, homogenized in 3 mL of isotonic saline and 100 mL of 1 in 1000 diluted homogenates was plated on Middlebrook 7H11 agar plates supplemented with oleic acid albumin dextrose catalase for the enumeration of basal cfu. Subsequently, mice were grouped as follows (n = 14 per group): group 1, untreated control; group 2, oral free four-drug combination daily; and group 3, oral four-drug PLG formulation every 10 days.
Five animals each in groups 2 and 3 were treated until 4 weeks (28 doses of free drugs or 3 doses of PLG-nanoparticles) and sacrificed (along with half of the animals in group 1) on day 32. The entire brain from each mouse was removed aseptically and homogenized in 3 mL of sterile isotonic saline. In the case of group 1, 100 mL of 1 in 1000 diluted homogenates was plated on Middlebrook agar plates whereas in the case of groups 2 and 3, 100 mL of undiluted homogenates was plated. The remaining animals were treated until 6 weeks (46 doses of free drugs or 5 doses of PLGnanoparticles) and sacrificed (along with the rest of the animals in group 1) on day 52. The entire brains from five mice per group were removed and homogenized; each homogenate of 3mL volume was equally divided and 750mL was plated in four milk bottles containing slopes prepared from the same Middlebrook medium. The cfu were counted after 28 days of plating. The cfu data were analysed by one-way ANOVA followed by Student's unpaired t-test to compare the untreated and treated groups.
Histopathology
The remaining mice (four from each group) at the completion of 6 weeks of chemotherapy were sacrificed (on day 52 as mentioned above), and immediately the brains including the meninges were lightly smeared on glass slides. Each specimen of brain was then fixed in 10% formalin. The smears were stained with Ziehl-Neelsen stain whereas the brain specimens were subjected to routine histological processing. The sections were stained with haematoxylin and eosin followed by microscopic examination.
Results and discussion
The era of nanotechnology has led to the emergence of entirely new research strategies in the field of drug delivery. 15 The argument that polymers could be employed as drug carriers with the advantage of providing a controlled release of drug(s) is well documented. Our previous reports 9-11 demonstrated the encapsulation of four frontline ATDs (rifampicin, isoniazid, pyrazinamide and ethambutol) in PLG-nanoparticles. The drug encapsulation efficiency ranged 55.91 -2.70% for rifampicin, 67.34 -3.8% for isoniazid, 68.32 -5.50% for pyrazinamide and 43.11 were maintained in the plasma for 3 days, 5 days and 8 days in the case of ethambutol, rifampicin and isoniazid/pyrazinamide, respectively (Figure 1 ), confirming our previous observations.
9-11
Free drugs, on the other hand, were not detectable in the plasma beyond 12 h of oral administration. Owing to the slow but prolonged release of drugs from the PLG formulation, the MRT and AUC/relative bioavailability were enhanced by 9-to 14-fold and 15-to 30-fold, respectively, as compared with free drugs (Table 1 ). The pharmacodynamic parameters were also in favour of the PLG formulation, for ATDs that exhibit concentrationdependent killing (rifampicin) as well as time-dependent killing (isoniazid and pyrazinamide) of mycobacteria. 16 The results suggested that the PLG formulation was likely to provide therapeutic drug levels in the brain. Nevertheless, we substantiated the hypothesis by analysing the drugs in brain homogenates at various time points. It was observed that therapeutic drug concentrations were maintained in the brain until day 9 in the case of PLGnanoparticles; however, ethambutol was observed until day 6 only ( Table 2 ). Drugs (except ethambutol) were detected until day 1 in the case of animals dosed with oral free drugs, which was in agreement with the clinical reports documenting the cerebral distribution of free ATDs, especially isoniazid and pyrazinamide. 17 Two intriguing questions remained to be answered before proceeding for the chemotherapeutic studies. First, in the case of mice dosed with PLG-nanoparticles, it was important to know whether the drug analysis in brain was restricted to free drugs (i.e. drugs released from nanoparticles) or encapsulated drugs (drugs still incorporated in the nanoparticles) or both. To address this issue, brain homogenate from a normal mouse was divided into two parts and separately spiked with free drugs or PLGnanoparticle encapsulated drugs. Protein-free filtrates were prepared as usual and injected for HPLC analysis. In the case of free drugs, peaks were detected at the expected retention times whereas samples containing PLG-loaded drugs failed to elicit any detector response (data not shown). This proved that our analytical technique was restricted to free drugs only, which is the therapeutically active form. The second issue was the possibility of ATD-loaded PLG-nanoparticles localizing to the brain after crossing the blood-brain barrier. It was observed that when the brain homogenates were incubated with formulation lysis reagent, there was a significant increase in drug levels on day 3 compared with the values obtained prior to the addition of the reagent ( Table 2 ). The ingredients present in the reagent (an alkaline solution of SDS) are known to accelerate the degradation of the polymer, thereby releasing the encapsulated contents. 18 Our results clearly indicate the presence of nanoparticles in the brain up to day 3 following oral dosing with the PLG formulation; subsequently, drug levels continued to be maintained, possibly owing to the release from partly degraded nanoparticles as well as being drawn from the circulation. Studies from other laboratories have also demonstrated the localization of polymeric nanoparticles to the brain following intravenous 19 or oral 20 administration. The process is likely to be influenced by the targeting process 21 as well as by the surface charge on the nanoparticles; neutral particles (PVA-stabilized PLG in our case) stand not only better chances of cerebral uptake but also a lower risk of toxicity to the blood-brain barrier. 22 The data from tissue biodistribution studies suggested a chemotherapeutic schedule comprising daily administration of oral free drugs or intermittent (every 10th day) administration of ATD-loaded PLG-nanoparticles in M. tuberculosis infected mice. Several experimental approaches have been described to induce mycobacterial infection of the brain. Intracisternal inoculation of bacilli in rabbits 23 is well suited for this purpose; however, there were technical difficulties in applying this to small animals such as mice. The presence of mycobacteria in the meninges was reported following intravenous challenge with Mycobacterium bovis and Mycobacterium avium complex to swine 24 and mice, 25 respectively. Further, our recent findings suggested that nanoparticle-based ATD therapy is highly efficacious irrespective of the route of infection. 26 Hence, we chose to infect via the intravenous route.
Isolation of M. tuberculosis from cerebral tissue is diagnostic of brain TB. 27 A high bacillary load of 6.8 log cfu in brain at 2 weeks post-challenge confirmed the establishment of infection (Table 3 ). In the control animals, the cfu at 4 weeks or 6 weeks were comparable and not significantly different (P > 0.05) from the basal load at the start of treatment (Figure 2 ). This was attributed to the fact that once the infection was established, the immune response served to ensure a balance between mycobacterial replication and death. 28 Four weeks of chemotherapy resulted in a significant (P < 0.001) reduction in cfu in the case of free drugs as well as ATD-loaded PLG-nanoparticles. A further 2 weeks of treatment resulted in undetectable bacilli in the brain, thereby proving that 46 doses of conventional free drugs could be replaced with 5 doses of PLG-encapsulated drugs. It is emphasized that the animals were sacrificed at day 32 and day 52 to exclude the possibility of any residual drugs remaining in the tissues at the time of sacrifice. However, to confirm whether the cfu detected on agar plates were derived from the meninges or the cerebral parenchyma, we resorted to histopathological studies.
The meningeal smears from untreated control mice were positive for acid-fast bacilli although no inflammatory cells were detected (Figure 3a and b) . Animals treated with free drugs or PLG-encapsulated drugs for 6 weeks were smear-negative and the cortical sections showed normal neurons as well as the supporting glial tissue similar to that observed in a healthy mouse (Figure 3c ). On the other hand, the sections from untreated mice showed features of shock and early autolysis; the cells lost their function, some of them were fragmented, the cytoplasm was hazy and the background myelin was granular all over ( Figure 3d ). No inflammatory reaction of TB was detected. From these observations it appears that (i) the cfu detected on agar plates were a result of the growth of bacilli within the meninges since the bacteria do not seem to have crossed the blood-brain barrier (a longer time might be required to achieve the same) and (ii) the bacilli did not seem to evoke any inflammatory response and the degenerative changes in the control animals were presumably because of the moribund condition of the animals suffering from systemic TB. Although the experimental design did not produce a clear-cut picture of cerebral TB, our results certainly indicate the ability of PLG-based therapy to target mycobacteria localized in the meninges; however, further studies are warranted. This is the first report documenting the role of nanotechnology-based ATD delivery to the brain. The approach highlights Mean basal load = 6.80 -0.06 log cfu, n = 15. The brain from each mouse was homogenized in 3 mL of isotonic saline and 100 mL of 1 in 1000 diluted homogenates was plated on Middlebrook medium. Therefore, the total mycobacterial counts (C) were obtained by the formula C = (total countable colonies · 10 · 1000 · 3), i.e. C = (total countable colonies · 30 000).
the potential for simplified and intermittent therapy against lifethreatening forms of extrapulmonary TB and merits evaluation in a higher animal model. 
